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magnetic and dielectric materials, improved magnetic circuit
modeling , and application of advanced heat transfer techniques.
Computer—aided design methods were utilized and specialized
programs were developed to permit extensive manipulation of
~u1tiple design parameters. One goal, to achieve a specif ic
weigh t of 0.25 lb/KVA , was ~~ceeded. A specific weight of
about 0.10 lb/KVA was actuall\~ accomplished with a 200 KVA
transformer. It is pred icted that in larger transformer sizes,
specific weights of 0.07 th/KVA can be realized . The other
goals of electrical performance and reliaLility were also
achieved . The inverter transformers developed in this program
exhibited unusually low leakage inductance and high efficiency.
Higher re li& i l i t y  than conventional transformers should also
be realized due to much lower operating temperatures (is: lower
thermal stress) on conductors and insulation . The program has
been successfully concluded and two basic transformer/rectifier
unit designs (two each at ~ KW and 200 KW) were fabricated ,
demongtaated and delivered.
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PREFACE

This final report was submitted by Ther mal Technology
Laboratory , Inc.. under Contract P336l5-75-.C-20l4 . The
effort was sponsored by the Air Force Mro Propulsion Laboratory .
Air Force Systems Coemand . Wright-Patterson APS, Ohio, under
Project 3145 , Task 32 . and Work Unit 05 with Mr. Michael P. Dougherty,
APAPL/P0O-l as project engineer. Mr. James P Welsh , of

t Thermal Technology Laboratory . Inc. was technically responsible
for the work.

Emphasis on this program was on the development of h igh voltage ,
high power, high frequency, low specific weight. inverter
transformers . A primary intent was the reduction of specific
weight without sacrifice of either electrical per formance or
reliability .

— Research was conducted into the characteris tics of
maqnetic and dielectric materials , improved magnetic circuit
modeling , and application of advanced heat transfer techniques.
Computer -aided design method s were utilized and specialized
programs were developed to permit extensive manipulation of
multiple design parameters.

One goal , to achieve a specific we ight of 0.25 1bIKVA,
was exceeded . A specific weight of about 0.10 lb/KVA was
actually accomplished with a 200 KVA transformer. It is
predicted that in larger transformer sizes, specific weights
of 0.07 lb/KVA can be realized .

The other goals of electrical performance and
reliability were also achieved . The inverter transformers
developed in this program exhibited unusually low leakage
inductance and high efficiency. Higher reliability than
conventional transformers should also be realized due to
much lower operating temperatures (ie z lower thermal stress )
on conductors and insulation.

The program has been successfully concluded and two
basic transformer/rectifier unit designs (two each at
10KW and 200kW ) were fabricated , demonstrated and delivered.
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SECTION I

SUMMARY

This document reports on the conclusion of work conducted
under contract number F33615-75-C-2014. during the period of
Ju ly  1976 through March 1979. Previou s work is reported in
the Inter im Report, number AFAPL-TR-76-102. For a complete
description of all work per formed in the overall program.
both this report and the Interim Report must be used in
con)ur%ction.

The emphasis on this program was on the development of
high voltage, high power, low specific weight. inverter
transformers. A primary goal of the program was the reduction
of the specific weight of inverter transformers without
sacrifice of either electrical performance or reliability .
Research was conducted into the characteristics of magnetic
and dielectric materials, improved magnetic circuit modeling
and application of advanced heat transfer techniques. The
program has been successfully concluded and two basic transformer
rectifier (T/R) unit designs (10 Mw and 200 Mw) were fabricated
and demonstrated.

One of the goals of the program. to achieve a specific
weight of 0.25 lbs/XVA . was exceeded. A specific weight of
approximately 0.10 lb/KVA was actually accomplished with the
200 KVA transformer. The total measured weight , with rectifiers
included , re sulted in a specific we ight of about 0.13 lb/KVA.
It ii predicted that in larger sizes, specific weights in the
order of 0.07 lb/KVA can be realized.

The inverter transformers developed in this program
exhibited unusually low leakage inductances and high efficiencies.
They should also provide higher reliability than conventional
transformers due to much lower operating temperatures (ie:lower
thermal streis) on the conductors and insulation. In addition,
the transformers can absorb severe overloads without damage and
without damaging adjacent hardware. This is due to the
capability of the vaporization cooling technique to safely
dissipate large amounts of power. 



All of the primary efforts of this program have been
successfully accomplished :

• A 10 KVA inverter transformer was designed, fabricated
and tested .

• Two 10 KVA transformer/rectifier (T/R) units (one
liquid-cooled version and one air-cooled version)
were fabricated and delivered .

• Research was conducted into the characteristics of
magnetic and dielectric materials, improved magnetic
circuit modeling , and application of advanced heat
transfer techniques.

• Computer-aided design methods were utilized and
specialized programs developed to permit extensive
manipulation of multiple design parameters.

• An experimental 200 KVA inverter transformer was
designed .

• Two 200 KVA T/R units were developed , fabricated ,
subjected to preliminary testing and delivered.
(Full load testing awaits delivery of a 200 MW
inverter. An addendum report will be issued after
completion of the full load tests.)

• A high voltage non -inductive load suitable for testing
the above T/R units was designed , fabricated , tested
and delivered.

In addition , the measured performance of both the 10 MW and
200 MW units verified the computer aided design program
predictions, thus successfully establishing the validity
of the programs.

2
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SECTION II

INT1~ DUCTION

2.1 General

The increasinq requirements for aircraft performance,
size . and electronic systems capabilities has placed electrical
power demands on future power condition ing equipment which
can no longer be effectively handled by existing hardware and
the related technology. Pertinent to this program was the
requirement for small lightweight high power magnetics having
specific weights in the range of ¼ lb. per KVA at 400 HZ and
hiqher. The USA? Aero Propulsion Lab., at Wright-Patterson
A? Base, has sponsored the R&D reported herein with the primary
goal of reducing the specific weiqht of magnetics without
sacrificing electrical performance and reliability. Emphasis
has Deen on power, i verter , and pulse transformers. Emphasis on
this contract however, was on inverter transfori~~rs only.

Transformers with specific weights in the range of 0.1 to
).25 lbs/KVA have been suceesfully developed during this proqram
by TTL. The utilization of improved materials, improved
magnetic circuit modeling , and the aoplication of advanced heat
transfer techniques has resulted in this breakthrouqh . The
thermal aspects are particularly important to the size and
we i ght reduction of maqnetics. If each conductor in a magnetic
device can be adequately cooled throughout most of its length .
then the current density can be increased and the conductor
crossectional area siqnificantl y reduced. This, in turn , results
in a smaller core window and consequently, a smaller core.

It was initially estab1isI~don the previous TTL contract-
F33615-72-C-l944 .that the power, size , and weiqht limiting
condition in transformers is th~’ rate at which heat can be
removed from the windings . and to a lesser extent, the magnetic
cores. Thus, one of the basic approaches in this research was
to emphasize internal heat transfer in transformers and to
develop thermal techniques that could provide the lowest
practical thermal resistances. This permitted conductor current
densities which were almost an order of magnitude greater than
those in conventional transformers.

1 
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The main thrust of the program has been to Utili7e
modern computing techniques, advanced magnetics analyses
and modeling , and thermal technology backed by extensive
experimentation to develop lightweight transformer design
procedures. Various experimental transformers were desiqned ,
constructed and tested to demon~ trate the validity of this
approach.

The selection of suitable maqnetic and insulating
materials has been addressed in this program. The highl ights
of thermal analysis and experimentation to evolve controlled
cooling of conductors were previously reported . Electrical
design, magnetic models, and the resultant computer aided
design proqrarns were developed in this contract. This enables
a desiqner to rapidly study the effects of changes in materials .
geometry , and many other physical parameters.

Liqht’weiqht Transformer-’Rectifier Units at power levels
of 10 Kw and 200 Mw were desiqned and fabricated to demonstrate
the new liqhtweiqht technology developed under this contract.
Their performance was very consistent with the computer
pr~dictions and validated the programs.

2.2 Transformer Design

TWo approaches to transformer design were developed . The
first approach . which has been called the steady state analysis
rout ine , is basical ly a magnetic circuit approach . This method
uses flux and f l ux  leakage concepts to relate the primary and
secondary in a transformer. The second approach . wh ich has
been called the real time analysis routine , is a coupled
electric circuit approach in which the primary and secondary
are related through their inductances. This has been reported
in Interim Report IiF?iPL-TR-76-102.

In formulating the governing equations for transformer
design , it was found that the mathematics of steady state design
are not especially complex. but that the design process is
complicated by the profusion of design input variables.
Depending upon the application , between fifty and two 

hundred4
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parameters, all interrelated by physical l aws and performance
criteria, are required to fully describe a design. Since many
of the relationships are not only non-linear , hut are dis-
continuous. the man ipulation of these parameters to achieve
optimum results becomee formidable . However , a programmable
calculator can be used for parametric analyses and design .
provided a complete design optimization is not desired .
Complex optimization programs for large machines were also
developed and delivered to the USA?.

2.3 Cooling Techniques

Since vaporization coolinq techniques were determined
very early in the previous program to be most applicable to
the hiqh heat fluxes anticipated , much of the thermal in-
vestigation and experimentation was directed to the application
of this cooling method . While a conaide:able amount of
literature exists on the boiling process , much of it is
empirical in nature and therefore limited in scope, and little
if any is directly applicable to the problem of boiling in
narrow vertical ducts as are found in the transformer. The
analyses and experiments were directed at obtaining values
of the maximum attainable heat flux without exceeding the
nucleate boiling regime , and of the minimum channel width
required to insure against the formation of vapor pockets
with the attendan t extreme temperature rises and potential
burnout. Other cooling techniques such as direct liquid

— cooling and forced liquid cooling are also applicable to
cooling the ligh tweight transformers, d pendent upon conducter
current density (ie• heat flux).

Vaporization and liquid cooling application additionally
led to other considerations. Compatability tests indicated
that testing of the materials involved is desirable for a
given application with a specific coolant. The high electric

$ fields and small spacings typical of reduced size transformers

f require detailed knowledge of dielectric breakdown , particularly
t in view of the two phase nature of the dielectric coolant.

Dielectric breakdown and insulation relationships and models
were refined and experimentally validated for use in this

5
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proqram. Also , the open construction required to provide
coolant passages resulted in consideration of the mechanical
forces imposed on the windings, especially under overload
conditions.

2.4 Specific Compromises

Reduction in weight and size is not always without a
oenalty . This penalty is often (but not always) reduced
efficiency . The efficiency of well designed conventional
high power transformers is usually in the neiqhborhood of
98 to 99.5 percent. The low specific weight transformers
‘end to exhibit 2 to 4 percent lower efficiency . This is
a small penalty and often can be easily accomodated when an
external coolin~ system is orovided. This however , does not
mean that low specific weight transformers of the same
efficiency as conventional transformers cannot he ~-ui l t; they
can ~-e , hut are somewhat larger and heavier than lower
efficiency units. rsers tend to orefer the lower specific
weigh t transforme r and accept -hf-’ lower efficiency in order

~~ realize a lower overall system weight. Another penalty is
a sltqhtly degraded voltage regulation due to the increased
conductor resistances in the windings of low specific weic~ht
transformers. Usually , these are small compared to the
external system resistances and are offset ly the relatively
small increase in resistance due to much iowcr winding
temperature rises in the low specific weight transformers.
Further , the low specific weight transformers have shorter
total conductor lengths in a otven wind ing compared to
conventional transformers, which also tends to offset the

• sliqhtly degraded volta je regulation . The computer programs
developed permit the tradeoff of transformer gains and
penalties such as weiqht, size , efficiency . voltage regulation
leakage inductance , and many other parameters with respect to
any given set of transformer 

requirements.6
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2 ,5 Duty Cycle Considerations

The transformers developed under this program are mostly
continuous duty transformers. The time required for the
windinqa to reach thermal equlibrium in a thermally adequate
desiqn is very short , much shorter than any contemplated
duty cycle. Thus, from the viewpoint of the internal thermal
aspects. the transformers are capable of continuous duty.
However, for intermittent duty apolications. the external
cooling system can b e reduced in size , weight , and capability

‘ 0 accomodate the specific duty cycle desired. Thus, a
liqh’weiqht transformer system capable of any required duty
cycle can I.e designed and developed .

There is another class of lightweight transformer which
also can ~-e desioned - name ly the adiabatic transformer .
These are transformers which are intended for very short
dct v  application and incorporate relativel y high internal
therma l resistances. The duty cycle is limited by the total
quant ity o~ heat the t ransformer materials can absorb without
at~~atnin; excessive temperatures. The transformer must
cool down prior ‘ c reenerc7izatton .

2.h Safety and Rel iabi lity

The small lightweight hi:h power transformers developed
can withstand considerable overload in soite of their small
si~~e. For example the two hundred KVA transformer has a
volume of about 1fl .~u , in. When this transformer is connected

~o Dower sources capable of several megawatts, it initially
looks like a bomb ’ if an internal fault occurs. However.
because vanoriza’ ion cool-inq i~ used , the coolant i s  capable
of safely dtssioa ttnq very larae powers. Further , the operating
temnerat-~res of the ‘ransformers are lower than with conventional
‘- ransformers. The overall reliab ility should equal or exceed
that presently attained because the electrical , thermal and
mechanical stresses on the materials are carefully controlled
l e si in  pa r a m e t er s .

I
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2.7 Terminal and Bushing Considerations

One problem common to these transformers is that of
providing adequate input and output terminals and bushings.
The larqe currents and/or voltages involved mandate large
conductors or bushings w i th  long leakage paths which are
generally incompatable with the small sizes of the transformers.
For example, with the 200 KW units, the input currents at
10 KHZ are greater than 400 amps and a low inductance is
also required. The terminals and bushings can therefore
constitute a significan t portion of the volume and weiqht of
a low specific weight transformer.

8
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TECHNICAL D ISCUSSIOt

L i  Introduct ion

During the development of the 10 XVA experimental
- L i nverter transformer, new techniques for fabrication of

pie wound transformers were developed which yielded
superior designs. As described in the interim report
(AFAPL -TR-76-102), dated December 1976, this development
was followed by the development of computer aided design
programs for pie wound transformers. Several 10 KVA
transformers were fabricated and subiected to a variety
of tests. Based on the results of these tests, both the
final 10 KVA and the 200 KVA transformers are pie wound .
A~ a preliminary step toward the desiqn and fabrication
‘f the final 10 KW transformer rectifier system, a 10 KW
water cooled transformer rectifier unit was designed and
fabricated .

* 3.2 1.) KVA Inverter Transformers

3.2 .1 l~ K~ hater Cooled Trausformer ectifier System

The 2 KW water cooled ~ransfo;-mer desirn was based
on the third version of the comp~ ter aided “pie wo- -nd ’ design
prograii. The primary winding is of edge wound rectangular
(Aoprox. “.~ 2Y’ x 1.05”) copper strip, whi- -h is mounted on a
“Mylar ” insuiator disk (Approx . 2~. ” Dia. x 1/32” Thk.). T c e
*3 AWG secondary wind ings are mo’nted on the other side of
the insulator disk and dinensioned so as to natch the primary
dimensions. This config-~ration minimizes leakage inductance• and provides exce llent strength. The tape-wound core is a
double—C confinjratjon and is made with 1 ~iil thick 0rthono~.
Each section has external dimensions of approximate ly
2½ ” x 2” x 3/4” and is wound to about Ii ” thick ness, This
t ransformer  is capable of operation well above 10 KW . The
estimated r~ax imum capability is abou t 60 KVP .

The prototype water cooled enclosure for the transformer
r ec t i f i e r  system was mach ined Out of a single aluminum block
with internal condensing fins. The transforme r and rectifiers
are mounted on a transparent acrylic base plate with all feed
throuqhs brought out of the bottom. The completed enclosure
is shown, approx imately f u l l  size , in Fig . i. it should ‘ -e noted
that this enclosure conf igura t ion  is exper imental  onb:; For an
operational s i tuat ion, the enclosure wou ld  be d i f f e r e n t  (ie :
thinner  wal l. Etc . ) .

9
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Fig~are 1. Water Cooled Transformer Enclosure (Bottom View)
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The transformer rectifier ~:n1t was completed and tested in
dcc. 1 ~76. It weighed less than 2 lbs. (excluding case and
coolan t ) ,  for  a specific weight of less than 3 .2 lbs/KVA . It
was driven at 0 KHz Ly an inverter operating f rom ~0’~ V. DC,
and delivered 9203 volts at 1 .1 A , to the l oad. The overall
i nverter s”stem efficiency was 89%.

During the later design stages of the water cooled
transformer, the interactive pie wound transforme r design
program was modified to include a plot routine which provides
a scaled drawing of the transformer. A typical single—C core
lesign is shown in Fig . 2.

Also , further study of the pie wound design prog rams
disclosed that the thermal conditions imposed on the transformer
coils are sufficient to predetermine the transformer efficiency.
Thus, the iteration routine is not required. A new non-
iterative program was written for pie wound transformers.
An additional variation was added which permits the incorporation
of flat primary windings. Finally, to minimize leakaqe inductance ,
the program requires that there are the same number of primary
and secondary coils and that their inside and outside diameters
exactly match. It should be noted that the water cooled
inverter transformer was fabricated with all of the above
changes. A drawing of the transformer is shown in Fig. 3.
This design conforms exactly to the actual hardware. The
complete data are tabulated in Fig. 4. A listing of the
pie wound design proqram is presented in Appendix A.

3.2.2 10 XW Air Cooled Transformer Rectifier System

During the development of the 10 XW air cooled
V transformer, a search was conducted for lighter weight

designs which could be implemented with standard cores.
Several different designs were developed , fabricated , and
tested . One of these preliminary designs I s  specified in
Fig ’ s. S & 6. This unit was mounted in a spare case without
rectifiers. Open circuit test s at 10 KHz , and short circuit
tests at 60 Hz were conducted. The results substantially
confirmed the data snown in Fig. 6. This design was then
selected as the candidate for further development. Analysis ,
however, continu.d and indicated that even smaller designs —

were poseiblé with more ~tandard cores becoming available. Tb.
smallest overall design developed on the computir is shown in
Fig. 7. The complete data are tabulated in Fig. 8.
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The fi~ a~ ~Iestgn s’ lected :or the a:r ~oo~~ s- ste-:’
incorporates a single •~~~~~ V co re transfor~iie ’ , as shown :n 4

Fi~ . 9 and tabulated in Fi~ . 10. T e standard colt ’ ,
of 1 ~ i 1 Ortnono], weiq”s 0.6 lbs. This t ransformer was
fabricated and installed in a compac t -:~ lindrica1 case
with internal condensing fins and an integral forced air
heat exchanger. The case is filled with Freon 113. This
case desiqn,which conforms to the cylindrical shape of the
transformer, was selected to provide data on compact
packaging . The unitrode rectifier stack is located external
to the case, inside a cooling shroud between the transformer
case and an end mounted cooling fan. The compact packaqe
measures about 6 inches 0.D.. by 12 inches in leng th.
(See Fiq . 11,). Fabrication and teatinq of this unit was
completied . and the assembly was delivered to the Air Force ,
with a complete drawing packaqe on June 9. 1977 .

3.2.3 Transformer Impedance

Additional tests were performed on the water cooled
and the air cooled transformers to determine more about their
impedance characteristics. They were driven with variable
width pulses at a PRF of 400 Hz. The pu lse rise time was
about 0.l, Sec. The pulse width was varied from 100 to 1 Sec.
while the input and outpu t waveforms were simultaneously
displayed on an oscilloscope . The waveforms were substantially
identical at l0O~,Sec. and exhibited noticeable distortion
at lO MSec. under matched impedance loading . All of these
measurements were made at low excitation . From these
preliminary tests, it appears that the transformer impedances
are well below the maximum specified . These tests have shown
the importance of leakage inductance and shunt capacitance.
It is obvious for instance that the LC product should be
made as small as possible for good wideband or pulse performance.
Expressions for leakage inductance and shunt capacitance were
desived for fully interleaved pie wound transformers. The
leakage inductance is expressed in Equation (1).

~~~~~~ ~~~~~ ~::~-:: ~ - i i  )
~] [t~~ ( 1)
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Where
Npies Number of Pies ( K7)

3.19 x 10~~ Henries/inch
Ndp Number of turns per primary pie (K 16)
o.b , - Pie outside diameter (prima ry) (1< 38)
I.D. — Pie inside diameter (primary) (1< 37)

~ Primary to Secondary insulation thickness (K 87)
t~ , - Primary Pie thickness (K 40)

• Secondary Pie thickness (K 39)

Leakaqe inductance is assigned to array number K 75.

The interwinding capacitance is

‘
.
, • - :~~~

‘ 
- ~

,, ~~ 
(2)

Where
dielectric constant of primary to secondary insulation (1(22)
permitivity of free space

The self-resonant frequency is

~~
‘ ;.- ,‘-T ’) (3)

These equations were evalusted for the parameters of the water
cooled and the air cooled transformers. The results were close
to the measured values , being low in each case by about 2~~ ,

* This contrasts with the same type of calculations for layer
wound transformers, which tend to be high by as much as 50%.

3.2.4 10 KW Inverter Tests

The 10 KW inverter supplied by Power Electronics
Associates. Inc . was integrated with both the air cooled and
the water cooled transforme r rectifier units . After the

4 inverter was tested with a resistive load to verify its
performan ce the air cool•d T/R unit was connected to the
inv.rter. The inpu t voltage was increased in 100 volt
increments to a max imum of 600 volts. The input voltage and
current waveforms are shown in Fig . 12, for the thverter
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operating at maximum power. The D.C. output voltage and
current were 9.2 KV and 0.92 AMPS, respectively. The output
power of 8.464 watts was 15% below rated power. At first , it
was believed that this was due to an error in the transformer
turns ratio computation , but examination of the voltage
waveform in Fig. 12 shows that the peak and not the RMS
voltage was 300 volts. The RMS input voltage was re-estimated
to be about 250 volts. The maximum operating frequency was
measured to be 7,850 Hz , not 10 MHz.

During the testing of this transformer with the inverter
a slight overheating of the case inpu t terminals was detected .
These terminals were 8-32 brass machine screws . Since there
was ample room in the case, they were replaced with 5/16 inch
copper studs, which cured the problem. As previously stated

V 
- in Para . 3. 2 .1, the water cooled transformer u n i t  delivered

• 9200 volts at 1.1 AMPS , to the load when integrated with the
10 MW inverter. The overall system efficiency was 89% at 10.12 MW.

The inverter was operated for approx imately ten hours
during the testing of both T/R units, with the longest single
run lastinq 30 minutes.

3.3 200 MW Inverter Transformers

3.3.1 General

V The original plan was for the 200 MW transformer rectifier
system to be a scaled-up version of the 10 MW systems. As the
work on the 10 MW transformer progressed , it was evident that
direct scaling was not possible. Therefore, based on studies
of the 10 MW systems, significent improvements to the computer

— 
programs were implemented , and a series of new computer
programs were developed on the HP 9830. These programs were
utilized for the design and development of the 200 MW transformer.
See Appendix B for detailed descriptions.

There were new fabrication problems which were solved
during the design of the 200 MW transformer. From the
preliminary de.iqn programs, a 155°C uni t design was selected

V 

to base the fabrication procedures on. Tests were run on glues.
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epoxies , and insula tion ma terials sui table for this
— 

temperature and acceptable materials were selected.
Experiments in winding large pies were conducted. Eight
inch mandrels were used to wind coils for evaluation.
Problems were encountered with winding wire sizes below
*30 A~~ because of the large tangential velocity range.
It was found that the motor speed should be controlled
for constant wire speed through the feed and tensioning

* system, to avoid breaking the wire. Some consideration
had to be qiven to methods of coating the wire during the
coil winding operation , because of the difficulty of
ohtaininq double coated wire in all sizes. Also , special
care had to be taken to avoid dimensional variations in
the large pie windings, because of the growth of winding
eccentricities with radius. All of the winding problems
were eventually solved and sample large diameter coils

* 
were made which fully verified the fabrication procedures.

An investiqation of the selection and packaging of the
rectifiers was also conducted . It was found that single
rectifier~ ran h. up-rated by a factor of five to ten in
current carrying capacity, if properly cooled. An analysis
was made of the upratin-i possible with certain rectifier
structures immersed in Freon 113. It was found that the
upper limit of operation of the Al14 series of Qeneral
Electric rectifiers could be raised from the specified
maxLmum of 1.1 Amperes to 8 Amperes. Fast recovery is
needed only in those cases where additional losses of 10%
cannot be tolerated. It was finally decided to incorporate
the rectifiers in bridge configuration as part of the
individual pies. The rectifiers are mounted on the corners
and along one side of the primary/secondary separation
plates. The rectifiers selected for the final design are
general instrument type RGP 30M , fast recovery (500 n..).
1000 PIV diodes.

I~ .-:.is sp• -~~fic Dr. ~;c ~-‘-a~~t7 o~ i~- )wc r ~ l-~c~~ro.~ics
% V .V o ~~~~. V ~~~~~es , :n . ~~, t;a~ :apac 1~~ r~ : ; 5, o~~lci be installed across
n’.’ DC 3~rH-C.ut of the Lrid~ c rectifiers. Ce:~tralas..~ O.(~ 15 ufd ,

•J -J 1 ‘.DC.. capac~ tors were selected . These are also mounted on
the pr imary/secondary separation plates. Figure ~3 shows the
u~te ;raeion of the rectifiers and capacitors on the pies.

- 
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The basic transformer design was selected . It is
shown in Fig ’s 14 & 15. The listing is tabulated in
Fig. 16. These drawings illustrate the transformer assembly
only, and do not address the physical problems of input/output
connectors, case size, inter-pie connections, etc. With this
desiqn. the final fabrication of the T/R unit was initiated.
Some minor modifications of the overall size and pie width
resulted as fabrication progressed .
3.3.2 200 MW T’R Unit No.].

The final case design for the 200 MW transformer
rectifier system resembles that of the water cooled 10 MW
transformer rectifier system described in Para. 3.2.1. The ease con-
sists ot a ~,.b2 ”x7.OO ’xt,.25” (exc1tdinc~ terminals) aluminum box wit.~) . .?5” th ick ~*a1ls. T~e high volta ;e o~.1p~t bushings are mo’ nted
directly to the end plates. To facilitate the required
interface with the plasma switch test bed, the low voltage
input bushings are mounted directly to the side plates.
The cover consists of an aluminum plate, with condensing
fins machined on the under side (inside case). The main
body of the cover has channels drilled through it , to provide
passages for circulating coolinq water. Appropriate hose
fittin g s are provided as part of the cover assenthly . The
t ransformer assembly is secured to the bottom plate of the
case by means of a mounting bracket. The heat transfer
considerations for the final design are detailed in Para. 3.3.3

- 

I 
The completed case was leak tested prior to the installation
of the transformer assembly.

The basic desiqn shown in Fig s. 14 & 15 was slightly
modified to accomodate various fabrication problems. One
change that should be noted concerns the winding arrangements
in the transformer assembly. The basic design utilizes
16 primaries in parallel, each parallel path consisting of j
two sections. It can be noted that one primary path resulted
with one section at each end of the pie stack. This required
an axial connecting lead the length of the stack . which
presented potential breakdown problems and a significant
difference in resistanc. of this “end’ primary path, with
respect to all other 15 pr*mary paths. To alleviate this
condition the program was modified to place both end primary

28
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pies at the same end of the stack . The final end design configu-
ration is shown in Fig ’s. 17 & 18. The core material is 1 cii
Orthonol, *20 A~~ wi re is used for the primary pies, and
*24 A~~ is used for the secondary pies. Both primary and
secondary have 32 pies each. AC input is 570 volts at 504.6
amps . D.C. output is 25 MV at 8.0 amps. The final output
listing is shown in Pig. 19.

All of the secondary pies fabricated for the first
transformer assembly were calibrated with a turns-ratio
bridge at 10 MHz. Also , the assemblies were short circuit
tested prior to installation on the transformer assembly. Tap
changing on the transformer assembly may be accomplished by
moving the positive output connection to the desired pie
assembly. Upon completion of the transformer assembly. the
unit was successfully tested for open circuits and leakage
inductance. Measured leakage inductance of 0.6 uhy was
identical to the calculated value. The final T/R Unit was
successfully tested for dielectric insulation as follows.

a) Primary-secondary (35KV.RMs , with output shorted) F
b) Primary-case (l.5KV .RMS)
c) Secondary-case (35KV .RMS, with output shorted)
d) PRy (35 KV.DC.)

The 200 MW TI’R Unit No. 1 was delivered in early February 1978,
to the State University of New York at Buffalo (SUNYAB), for
installation in the plasma switch test bed , per U.S. Air Force
direction.

To date, only pulse testing to 340 MW peak for 6 (six)
I’D KHz ~VC 1CS a~. 

-t t in e  has eer~ perfc-’r~ic-L

3.3.3 200 MW T/R System No. 2

3.3.3.1 Modified Design

This transforme r differ s from that of the first uni t in that
it has two independent primaries for operation f rom two inverter
outputs of 100 MW each . Af ter considerable analysis and discussion
it was agreed with Dr. Schwartz that the average voltage across
each primary winding would be 520 volts. Figure 20 presents
the detailed design outpu t listing . The core material is 1 mu
Cr t h on o l , -.V~~4 AWJ wire is used for both t .

~ orima r an secondary
r~ es , and there are 32 pr ima ry and scc~ n-! ar -  p i c - s .  I• V inpu t is

1, ~40 volts at  277 .4 amps. DC output is 2~ KV .
V a ~~~ a- -ins . F i qu - -cs

21 an 22 show Lhe phys2 ca l a r r an gr m e n t  r~f ~~~~ ~nit ~o. 2.
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3.3.3.2 Fina l Design

Prior to fabrication, several additional temporary
modifications to the design program were incorporated (See
Figure 2 3) .

The first modification was a change in the primary
wire gauge. K(30). from *18 to *20. This change was made
because of on-hand availability of the latter wire size in
P -bond wire. The change had no significant effect on the
transformer design.

The second modification consisted of deletion of lines
1450-1460 and 1670-1680. and replacement with:

1450 x(39 .050
1670 K(9l) — .039

These lines formerly computed the thicknesses of the
secondary and primary pies, respectively. The computations
were replaced by statements reflecting the pie thicknesses
as measured on actual wound pies.

The third modification was a change in the thickness
of the circuit board used as a primary-secondary spacer.
K ( 8 7 ) .  Thi s was o r ig ina l ly  a 0.031 in. thick board, but
the purchased material was measured at 0.025 in. thick.

Design details dictated a differently sized cooling
• space between the secondary pies as opposed to the prima ry

pies. Consequently. K(52) was set at 0.030 inches for the
secondary cooling space , and K ( 2 7 )  was set at .025 inches
and used for th. primary cooling space. Appropriate
changes were mad. in lines 1780 and 1790.

Since the core window height K (42). was fixed once
the cores were ordered. M(43) was used as a fixed input
parameter and computations of K(43) lines 1830 and 1840
were deleted , and the iteration process implied in line
1850 was bypassed by changing ‘l19O~ to 1880”. Similarly.
computation of the outside end apace. K(20). which formerly
varied with M(43) variations, were deleted (line 1800. and
modifications to lines 1810 and 1980).

A listing of the transformer design parameter s using the
revised program is shown in Fig. 24. It will be noted that
the net effect of these changes is negligible in terms of

I 

weight. eff iciency , regulation. etc . They simply reflect the
effects of the use of actual physical d imensions instead of
analytically derived dimensions.
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3.3.4 200 KW T/R Unit Heat Transfer System Design

Heat transfer from the heat source in the 200 KW T/R Unit
occurred primarily through three paths in series:
(a) Heat transfer from the sources into the coolant (P113)

by nucleate boiling at the source surface.
(b) Heat transfer from the coolant vapor to the lower

finned surface of the cover by condensation , wi th
gravit y liquid (condensate) return .

(c) Heat transfer from the cover (condenser) to the water
coolant.

Other heat transfer paths (sides, ends & bottom of
container) to the environment were assumed neqliqible.

At final assembly. all air was purged from the transformer
system . resulting in only P113 (liquid or vapor) being present
within the case. Since the case was of fixed internal volume.
the internal pressure varied as a function of the £113 temperature.
Any component heated above the temperature of the surrounding
Fl13 l i qu id  produced local boiling since the internal pressure
was the vapor pressure of the bulk liquid.

Three heat source types were evaluated with reference to
their temperature rise above the bulk P113 liquid: (a) primary
and secondary pie windings, (b) diodes , and (c) core.

3.3.4.1 Pie Windings

The heat dissipated in the primary and secondary wind ings
was given by the transformer design program (K32 and K33) as
29.5 and 23 watts/sq.in respectively. In a liquid, such as
£113 the temperature rise may be determined by:

t = 5.2 q 0.293 C (4a)
or 293

t 9.36 q 0” F (4b)

where t = surface temperature r ise
q - heat transfer rate . watts/sq.in .

For the primary and secondary pie wind ings, this results
in surface temperature rises of 14.0 and 13.0°C r.sp.ctiv.ly.
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3.3.4.2 Diodes

The heat is generated at the diode junctions and transferred
primarily through the leada. The average loss per diode is

V 

4.4 watts, or 2.2 watts per lead. The leads are .375 inch long
(neglecting terminals), and 0.05 inch diameter, having a
surface area of 0.059 sq.in.. an average heat transfer rate
of 37.35 watts/sq in. and an averaqe temperature rise of 15°C.
However, because of the high surface heat transfer rate the
effectiveness of the lead in transferring heat to the Freon
is estimated to be about 70% because of the axial temperature
gradient , and the temperature rise at the base of the lead
with respect to the bulk fluid temperature is estimated to he
21.4°C. The internal resistance of the diode is assumed at
15 C/watt. The internal temperature rise is 15 x 2.2 33°C.
Thus, the junction temperature rise with respect to the bulk
£113 temperature is 54.4°C. Since the Freon boils at 47°C (l). the
iunction temperature is lOl.40C.

V 3.3.4.3 Core

The core dissipative area is approx imately 32 square
V inches (side surfaces only). The surface heat transfer rate

is 380.96/32 = 11.91 watts/sq.in. The core surface temperature
rise at this rate is 10.70C; the core surface temperature is
51 .7°C.

3.3.4.4 Condensation Process

The lower surface of the top cover is vertically finned
to provide condensation surfaces for the F113 vapor. The heat
transfer coefficient for condensation is given by

r 2
h 0.943 EL g k A ( c )

— F’

(1) DuPont Bulletin E-ll , pg 9.
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where V

h heat transfer coefficient BTUH/(sq ft-F)
= liquid density (93.1 for £113). lbs/cu.ft .

q = 4.l7ES ft/hr2

k fluid conductivity (0.0335), BTUH/(ft.F)

A = latent heat of vaporization (63.12)BTU/lb.
liquid viscosity (1.14). lb/(ft.hr)

L = fin length , ft.
£ temDerature difference , fin-to-condensate deq.F.

Substitutinq the values for F113

h 277.73 ( 
1

LF

This value must he modified by appropriate factors for fin
•‘ftec iveness.

The effectiveness n , is defined as

n — tanh CaL) ‘aL

where
tanh CaL) = hyperbolic tangent aL

a = ~‘2 hikFt
- fin thermal conductivity RTtJH/(sq.ft-F)ft)

t -r fin th ickness, ft.

The overall heat transfer equation is defined by

Q = h  n S F

where
Q = heat transfer rate , BTtJH (r 3.413 watts)
S = condensation surface area. sq ft.

Numerous combination s of fin thickness and fin spacing were
evaluated for the temperature difference . F, when transferring
R .500 BTUH (2490 watts). In general. F ii minimized by small
fin thickness and spacings. since these provide greater surface
area, S. for a given plan area. For ease of fabrication , and 
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to prevent condensate bridging between fins, fin thickness
and spacing were set at 1- 16 inch . The attached curve
(Fiq.25),shows the effect on F of varying fin lenqth. L.
Fin lenqth was set at 3 A inch , yielding a temperature
difference of approximately ~1F (‘‘ .7C).

3. 3.4.5 Water cooled cover

The condenser fins and cover are cooled by water f1owin~
through pasgaqes drilled in the cover. Various passage sires
and series/parallel passage arranqements were evaluated to
determine a suitable combination of temperature rise and
pressure drop . The confiquration finally elected consists V

of s i~ ~ inch cooling passages in parallel , each 5 inches
long , served by a 3/8 inch diameter inlet and outlet headers.
Figure26 shows the temperature difference and pressure drop
of this arrangement , as a function of flow rate. It is
recommended that approximately 4-5 GPM of water be maintained
in the system . although satistactory results can I c  obtained
with as little as 1 GPM , ‘i- - F inlet watcr.

3.3.4.6 Temperature Limitat ions

Transformer pies: Limi ted 1w wirr’ insulation : 356F(180 C)
Core 212F (L0O C)
Diode junctions 302F(l50 C)
Fl1 3 ( l im it ed to 2OPSIG in terna l  pre ssure)  170F ( 77 C )

3.3.4.7 Temperature rise surmnarv

Primary pie to Fll3 14. ~C
Secondary pie - to - F1l3 13.~’C
Core - to - P113 1-~.7C
Diode Junction - to F113 54.4C
Condensate (P113) - to - cover 1l.7C
Cover - to - water Function of GPM
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Representative Temperature (°C) as function of GPM (75 F water inlet)
G PM 

_______

-~~~~~~ - ~
— i -  3~~J S

~~~t , cover-to-water 43 18 11.7 7.2
Primary pie 86 - 60 55 50
Secondary pie 87 61 

V 
56 51

Core 90 64 58 54
Diode junction 133 10 101 97
£113 79 54 - 48 42
Internal pressure.PSIG 23.3 4.7 0 : -1.7

3. 1 .5 200 KW T/R Unit

FL~ ur! 27 show s the ~sse -. led .~~0 ;W T/i~ ~~-~it. Outside
~i~nensior~s are 8 .,2’ x 7 .O ’ ”  x 6. 25”  (cxc1udin-~ terr~una1s).

V 

~ota1 wei-;ht when i’.led w ith ~- ‘ c o n  is 26 1~~s., thus prov idin~
a spec~ t~ic weiqht of ) .l3 lbs. per 1. . as an example o’ our new
liiht.-.-ei ~:t ag net :’s  technolo : -

3. 3 .~ -V 200 KW Resistive Load

A 200 KW resistive load was designed and fabricated for
test and evaluation of the 200 KW T-’R systems. The load was
initially intended to dissipate 200 KW , the full output of a
T/R Unit for periods of two minute s out of every thirty minutes
and to provide 40 KV of insulation to ground . A continuous
duty 200 KW load was developed . The load consists of two
separate 100KW sections of 0H14-WEVE resistive grid assemblies.
Each section is contained in a portable wood enclosure with a
cooling fan. Figure 28 shows an outline drawing of one such
enc losure . The resistor grids and cooling fan specifications
are as follows:

Resistor Bank - OHM WEVE Resistor Grid
200 MW, 25KV ~ 8 AMPS , 3125 ohms.
35 in. x 44 in. x 22 in.

Cooling Pan - Dayton , vertical mount propeller fan
30 in. blade dia., 485 RPM
CFM : 7,550 free air
1/3 HP. motor, 1725 RPM , 11W., 60Hz.

The two load assemblies were completed in August 1977. and
stored at the State University of New York at Buffalo . for final
integration with the Plasma Switch Test Bed.
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SECTION IV

CO~CLUS IONS

All of the primary efforts of this program have been
successfully accomplished :

• A 10 KVA inverter transformer was designed , fabricated
and tested.

• T~~ 10 KVA transformer/rectifjer (T/R ) units (one
liquid-cooled ve rsion and one air-cooled version)
were fabricated and delivered.

• Research was conducted into the characteristics of
magnetic and dielectric materials, improved magnetic
circuit modeling , and application of advanced heat
heat transfer techniques.

• Computer-aided design methods were utilized and
specialized programs developed to permit extensive
manipulation of multiple design parameters.

• An experimental 200 KVA inverter transformer was
designed .

• Two 200 KVA T/R units were developed, fabricated ,
subjected to preliminary testing and delivered .
(Pull load testing awaits delivery of a 200 MW
inverter. An addendum report will be issued after
completion of the full load tests.)

• A high voltage non-inductive load suitable for testing
the above T/R units was designed , fabricated , tested
and delivered .

The overall intent of this program , to reduce the specific
weight of inverter transformers without sacrifice of either

-:~ electrical performance or reliability, has been realized.
The goal of achieving a specific weiah t of 0.25 lb/XVA was
exceeded . A specific weight of approximately 0.10 lb/MVA
was actually accomplished with the deliverable 200 KVA
transformers. Electrical performance was not sacrificed~ the
final design of the inverter transtormers had unusually low

V leakage inductance and high effeciency. Reliability is
expected to be considerably higher than conventional transformer s
because of the considerably reduced internal operating temperatures
(ie~ lower therma l stress) on conductors and insulation. In
addition , the transformers can absorb severe overloads without
damage , due to the capability of the vapor iza tion cooling
technique to safely dissipate large amounts of power.
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The total measured specific weight of the complete
200 KVA T/R units (ie: rectifiers included) was about 0.13
lb/KVA. It is anticipated that in larqer units, specific
weights of the order of 0.07 lb/XVA can be realized. Also ,
production units can be made even liqhter since lower weight
case construction can be designed. The case design of the
units delivered under this program was deliberately made
heavier than necessary for experimental safety reasons.

Finally, a comment regarding the vaporization cooling
fluid must be made. DuPon4 Freon 113 was used in this program
primarily for convenience and economy . It is of relatively
low cost, and was readily available. Freon 113 however, has
a boilinq temoerature that is lower than what the Air Force
may ultimately choose to use. Several varieties of coolants
such as other Freons and fluorocarbons have been developed .
They have higher boiling points than Freon 113 and have
essentially identical thermal characteristics. These coolants
will meet military specifications without the need for hiqh
pressure case desi:ns.
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APPEND IX 13

lIP 98 3(~ COMPUTER Px~OGRAMS

There are a total of six computer programs which were
utilized for the design and development of the 200 KW
transformers. These programs are identified by track
No., as follows:

Track *0 - Single point design program

Thia program computes a transformer design for a
given set of inpu t parameters, both fixed and variable.

Track *1 - Desiqn Program . Single variable ranging.

This program is similar to track 0, except that it
generates a series of designs by allowing any one of the
input variables to he varied through a specified range.

• Track *2 - Output Listing

This program is linked by the design programs to
provide an outpu t listing . It would normally be a part of
the design programs , but has been placed on a separate track
because of machine memory limitations.

Track *3 - Design program , Multiple variable ranqinq .

This program allows the selection of up to S variables
which may be varied through specified ranges. Up to S

* selected output variable s are printed Out for each design .
It is normally used for coarse ranging , followed by use
of track 0 or 1 for finer design.

Track *4 - Plot program

This program generates side and end views of the
transformer, as in Fig. B—i.

Track *5 - Plot program. Top view.

• Th is program generates a top view of the transformer
as in Pig . 8—2.
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